Monopile foundations have been commonly used to support offshore wind turbine generators (WTGs), but this type of foundation encounters economic and technical limitations for larger WTGs in water depths exceeding 30m. Offshore wind farm projects are increasingly turning to alternative multipod foundations (for example tetrapod, jacket and tripods) supported on shallow foundations to reduce the environmental effects of piling noise. However the characteristics of these foundations under dynamic loading or long term cyclic wind turbine loading are not fully understood. This paper summarises the results from a series of small scaled tests (1:100, 1:150 and 1:200) of a complete NREL (National Renewable Energy Laboratory) wind turbine model on three types of foundations: monopiles, symmetric tetrapod and asymmetric tripod. The test bed used consists of either kaolin clay or sand and up to 1.4 million loading cycles were applied. The results showed that the multipod foundations (symmetric or asymmetric) exhibit two closely spaced natural frequencies corresponding to the rocking modes of vibration in two principle axes. Furthermore, the corresponding two spectral peaks change with repeated cycles of loading and they converge for symmetric tetrapods but not for asymmetric tripods. From the fatigue design point of view, the two spectral peaks for multipod foundations broaden the range of frequencies that can be excited by the broadband nature of the environmental loading (wind and wave) thereby impacting the extent of motions. Thus the system lifespan (number of cycles to failure) may effectively increase for symmetric foundations as the two peaks will tend to converge. However, for asymmetric foundations the system life may continue to be affected adversely as the two peaks will not converge. In this sense, designers should prefer symmetric foundations to asymmetric foundations.
V
Bearing capacity in vertical direction The design and construction of foundations for offshore turbines are challenging because of the harsh environmental conditions and as a result provide a focus of major research in Europe, see for example Achmus et al (2009) , Kuo et al (2012) , Cuellar et al (2012) . The UK has also embarked on a massive scheme of investment in offshore wind power development to meet future energy challenges. Currently, 1.5GW of electricity comes from offshore wind farms, but to meet the EU target an additional 28GW will be required by 2020. This would lead to the construction of over 6000 separate turbine structures in the next 10 years, requiring a massive increase in installation capacity. The scale of this challenge is illustrated in Furthermore, the wind farms that will be created as part of this offshore development will be situated in far deeper water than existing wind farms. The majority of operational offshore wind-turbines situated in UK waters (Rounds 1 and 2) are founded on monopiles in water depths up to 35 meters. However, these foundations may not be competitive for larger wind turbine generators in water depths over 30m due to the increased costs and risks associated with their fabrication, transportation and installation processes.
Therefore, other types of foundations such as three and four leg jackets, tripods, tripiles and tetrapods are increasingly being designed and deployed. Furthermore environmental drivers are leading to increasing research and development of suction caisson foundations beneath these structures which avoid the noise impact associated with piling. Whilst such foundation/substructure combinations have previously been used in the oil and gas industry typically to support Minimum Facilities Platforms, riser towers, suction anchors and the like, there is relatively little experience of the dynamic soil-structure interaction of these foundations under loading from wind turbine generators. Figure 1 shows the schematic diagram of a range of foundations either in use or proposed for offshore wind turbines.
To date there has been no long-term observations of the performance of these relatively novel structures. On the other hand, monitoring of a limited number of offshore wind turbines supported on monopiles has indicated a departure of the system dynamics from their design assumptions (Kuhn, 2000) . This paper summarises the results from a series of small scaled tests of a typical wind turbine supported on three types of foundations: monopiles (1a), tetra-pod suction caisson foundation (1b), asymmetric tripod suction caisson foundation (1c). The focus of the study is on dynamic characterisation of these structures (dynamic characterisation being interpreted as the free vibration response of the system and its relation to the forcing frequencies applied to the system). The study highlights the difference in dynamic behaviour between monopile and multipod type of foundations. It will be shown that the different dynamic behaviour is crucial for long term performance of these structures. 
DYNAMIC CONSIDERATIONS IN DESIGN OF WIND TURBINE FOUNDATIONS
As a result of their slender nature, offshore wind-turbines are dynamically sensitive at low frequencies, the first modal frequency of the system (less than 1Hz) being very close to the excitation frequencies imposed by environmental and mechanical loads. Figure 2 shows the main frequencies for a three-bladed National Renewable Energy Laboratory (NREL) standard 5MW wind turbine with an operational interval of 6.9 to 12.1 rpm. The rotor frequency (often termed 1P) lies in the range 0.115-H -bladed turbine lies in the range 0.345-0.6Hz. The figure also shows typical frequency distributions for wind and wave loading. The peak frequency of typical North Sea offshore waves is about 0.1Hz.
It is clear from the frequency content of the applied loads that the designer of the turbine and foundation has to select a system frequency (the global frequency of the overall wind turbine-foundation system) which lies outside this range of frequencies in order to avoid system resonance. The usual choice for fixed wind turbines would lie in the interval between turbine and blade passing frequencies (referred to as a - It is considered useful to review the relevant codes of practice. DNV Guidelines (2002) suggest that the natural frequency of the wind turbine should not come close to the likely forcing frequencies arising from imposed environmental loads. It is also specified that the global frequency of the system should be at least ±10% away from operational 1P and 2P/3P frequencies, as indicated by the dotted lines in Figure 2 . 2P and 3P relate to blade passing frequencies for 2 bladed and 3 bladed wind turbines.
Small scale 1-g tests reported by Lombardi (2010) , Bhattacharya et al (2012) , , Cox et al (2011) showed that the natural frequency of a wind turbine system changes with cycles of loading. The main reason for this change is the alteration of the foundation stiffness due to strain-hardening or strainsoftening behaviour of the soil supporting the foundation owing to the loading cycles.
The main conclusions drawn from the study can be summarised as follows: a) For strain-hardening sites (for example, loose to medium dense sand) where the stiffness of the soil increases with cycles of loading, the natural frequency of the overall system will increase. b) For strain-softening sites (clay sites) where the stiffness of the soil may decrease with cycles of loading, the natural frequency of the overall system will also decrease correspondingly. Of course, this depends on the strain level in the soil next to the pile and the number of cycles.
These conclusions have been supported by evidence of limited field measurements at Lely Island reported by Kuhn (2000) . Cyclic element tests on soil showing stiffness increase, and cyclic tests on foundations alone have also corroborated these conclusions.
How much frequency change can be allowed?
From a number of site surveys of offshore wind farms it was observed that the subsea sediment at an offshore site can vary significantly. In many cases it is composed of a number of discrete layers with differing properties. It is envisaged that high quality element tests can provide us with guidance on the nature of the site, i.e. whether it will be strain-hardening or strain-softening under cyclic loading. Three cases may arise: (a) The site is known to be strain-hardening. Theoretically, the best design for such a site is to place the natural frequency of the system 10% higher than the highest 1P frequency), leading to the maximum allowable frequency change interval spanning up to the next resonance limit at the 2P/3P frequency. (b) The site is known to be strain-softening. The designer may aim to place the natural frequency at 10% lower than the lowest 2P/3P frequency value. (c) This is an unknown site and the behaviour cannot be predicted. The design is best optimised if the natural frequency is in the centre between 1P and 2P/3P frequencies. Table 2 shows the details of a few types of turbines and the corresponding estimated percentage of allowable frequency change according to above. It is therefore clear that a certain amount of change in natural frequency is acceptable without seriously compromising the performance. In this respect there are three design challenges: (a) The foundation stiffness must be estimated very accurately from the available soil data for estimation of natural frequency of the system. This is significantly more challenging than the ULS (Ultimate Limit State of Collapse) design, where conservatism is safe i.e. the soil parameters can be under estimated. (b) The potential for change in foundation stiffness with time as a result of cyclic loading must be understood so that the risk of the system frequency coinciding with a loading frequency can be minimised. (c) While a given change in natural frequency may be acceptable over the life time of the structure, it is necessary to understand if that change is gradual or sudden. This will have a major influence in accurately estimating the ensuing response amplitudes and subsequently the life expectancy.
The next section of the paper will explore the answers to some of these questions through scaled model testing at BLADE [Bristol Laboratories for Advanced Dynamics Engineering].
EXPERIMENTAL MODELLING:
The main purposes of the experimental testing are as follows: 1. To characterise the free dynamics of the system: the free vibration characteristics of the wind turbine system including the foundation flexibility i.e. natural frequency and damping. 2. To study the effect of cyclic loading on the natural frequency of the system through uniform loading (sine waves) and random loading (white noise). 3. To understand whether or not the total wind turbine system (including the flexibility of the foundation) is non-linear having varying stiffness with the response amplitude.
Modelling the dynamics of offshore wind turbines is very complex and involves various interactions. The main interactions are summarised below. 1. Vibration of the tower resulting from interactions with the dynamic loads (wind, wave, 1P, 3P and the corresponding randomness of the loads) 2. Vibrations of the blade and their transfer to the tower 3. Foundation-soil interaction resulting from the cyclic/dynamic loading on the foundation Derivation of scaling laws for 1-g modelling of monopile supported wind turbines can be found in Bhattacharya et al (2011), Lombardi et al (2013) . In the study the six nondimensional groups were derived based on the following physical mechanisms:
1)
The strain field in the soil around a laterally loaded pile which will control the variation of soil stiffness 2)
The cyclic stress ratio in the soil in the shear zone 3)
The rate of soil loading which will influence the dissipation of pore water pressure 4)
The system dynamics, the relative spacing of the system frequency and the loading frequency 5)
Bending strain in the monopile foundation for considering the nonlinearity in the material of the pile 6)
Fatigue in the monopile foundation
The above non-dimensional groups originally developed for monopiles by Bhattachaya et al (2011) were also used to analyse symmetric tetrapod foundations . However later, while studying asymmetric tripod foundations, it was realised that additional scaling relations are necessary to take into account the geometric arrangement (i.e. characterising the asymmetry). Thus, this section of the paper incorporates the additional scaling laws required to study generic multipod foundations.
The rules of similarity between the model and prototype that need to be maintained are:
1. Geometric similarity: The dimensions of the small scale model need to be chosen in such a way that similar modes of vibration will be excited in model and prototype. It is expected that rocking modes will govern the multi-pod (tripod or tetrapod suction piles or caissons) foundation and as a result relative spacing of individual pod foundations (b in Figure 3 ) with respect to the tower height (L in Figure 3 ) needs to be maintained, see equation 1. This geometrical scaling is also necessary to determine the point of application of the resultant force on the model. The aspect ratio of the caisson (diameter to depth ratio) should also be maintained to ensure the pore water flow is reproduced, details can be found in . This leads to the similitude relationship given by equation 2.
where L is the length of the tower and b is the spacing of the caissons
where D is the diameter of the caisson and h is the depth of the caisson.
Mass distribution similarity:
In order to model the vibration of the tower, the mass distribution between the different components needs to be preserved. In other words the ratios m M M M : : :
in Figure 3 need to be maintained in model and prototype.
Relative stiffness between suction caisson and the surrounding soil:
The stiffness of the caissons relative to the soil needs to be preserved in the model so that the caisson interacts similarly with the soil as in the prototype.
Caisson flexibility affects both the dynamics and the soil structure interaction and as a result this mechanism is of particular interest. noting that   is the stress in the caisson which is proportional to the elastic modulus of caisson skirt ( E ) and p is the pressure applied by the soil, dependent on the shear modulus ( G ). Therefore the following relationship should be maintained:
Vertical load and lateral load combination:
The loading encountered in a single caisson in a multipod foundation (Figure 1b and 1c) is a combination of vertical and horizontal load. For a combination of lateral and vertical load, a failure envelope given by equation 7 is often used in practice. . Therefore the following relationship should hold:
The lateral load acting on the caisson can be derived from the cyclic stress ratio in the shear zone next to the footing which is quite similar to the case for pile as derived in . This leads us to a non-dimensional group (equation 9) that must be satisfied. This group will dictate the rate of cyclic accumulation of strain.
5.
Damping of the system: The damping of a structure also has a significant effect on the motions experienced by the structure under dynamic loading conditions. As a result the regime of damping of the prototype system should be replicated by that of the model system: critical damping, under-damping or over-damping. This has been ensured by maintaining constant the damping ratio of both systems.
Figure 3: Schematic diagram for multi-pod foundation wind turbines
The non-dimensional groups derived are summarised in Table 3 . Table 4 lists typical values of these groups for a limited number of suction caissons whose properties are available in the public domain. The spacing of suction caissons, masses of tripod frame and jacket are taken based on design values. 
Designing experiments:
Using the scaling laws detailed above the experiments can subsequently be designed. Once the total vertical load is known given by equation 8a, the mass distribution given by equation 3 needs to be maintained. Three asymmetric tripods (1:200, 1:150 and 1:100) and one tetrapod (1:100) were designed, built and tested. The mass distributions of the models are given in Table 5 . It must be mentioned that the three scaled models do not represent the same prototype as the soil test beds were different. As the main aim of the paper is to characterise the dynamics of the system, only the relevant groups are described in this section. Table 4 ). Experimental setup: This section will describe the different types of setup used in this study. Figure 4 shows the setup for 3 types of wind turbine systems. All the tests were carried out at BLADE [Bristol Laboratory for Advanced Dynamics Engineering] in a soil container having rigid boundaries. For practical and economic reasons, the soil container used was of limited size. For the dynamic problem in hand, harmonic waves are generated by the movement of the pile or the suction caissons. The propagating waves will constantly lose energy (mainly radiation damping) until they reach the rigid wall of the container. Upon reflection there (which is theoretically possible), any wave will have such negligible energy that would be unable to change the soil matrix around the foundation. A theoretical assessment is carried out (see Appendix-1) to find the optimum container size based on horizontal wave propagation as proposed by Nogami and Novak (1977) . The results showed that, for the suction caisson problems treated herein, the wall boundary effects get diminished after about 5 times the caisson radius. The model tests were carried out in the central part of the chamber to ensure minimal influence due to the wall boundary conditions.
The testing apparatus and the methodology for monopile (Figure 4a ) and tetrapod foundation (Figure 4b ) can be found in Bhattacharya et al (2012) . For the tetrapod structure, the model caissons were 7.4cm in diameter, 5.5cm deep and spaced at 40cm apart in two directions. The other structure (asymmetric tripod, Figure 4c ) consisted of three caissons measuring 10cm in diameter by 5cm depth, spaced at an orthogonal distance of 51.5cm centre to centre creating an asymmetric arrangement. The tripod was created following guidance offered by the manufacturer at 1:100 scale. For both the multipod models it was assumed that they would be supporting a standard NREL 5MW wind turbine. This led to two distinctive, and representative wind turbine arrangements.
The overall experimental campaign carried out consists of different types of foundations in various types of soils (dry and saturated fine or coarse sand, saturated clay). However, the model tests reported in this paper were carried out in dry Leighton Buzzard fraction E sand having the following characteristics: silica sand, critical angle of friction  32 , D 50 = 0.14mm, D 10 = 0.095mm, maximum and minimum void ratio of 1.014 and 0.613 respectively. As with previous tests, an assessment of the shear modulus of the sand was made using the method proposed by Hardin and Drnevich (1972) . For all the sand tests the sand shear modulus remained within the region of 4.0-4.7MPa (measured from mid depth of the caisson). This related to void ratio of about 0.9, which is equivalent to a relative density of 28%. T soil. However, during extreme storm or earthquake, the soil behaviour around the A use of dry sand can be justified for operational non-extreme conditions. Each test was conducted following a standard procedure:
i. An undisturbed homogeneous sand bed was created for each experiment by dry pluviating a body of sand into a stiff box. The density of the sand could be varied by changing the fall height and the aperture diameter in the pluviator. ii. The shear modulus of the sand was then calculated allowing an assessment of the foundation stiffness to be made. iii. The turbine model was then carefully installed into the sand matrix under the application of a dead load. Care was taken not to disturb the sand surrounding the caissons. iv. The model was then instrumented with an array of accelerometers and attached to an actuator. The natural frequency was assessed via either a snap back test or a burst of white noise applied to the structure through the actuator. The corresponding acceleration response of the system was used to assess the natural or first modal frequency (FMF) of the structure. v. Using the same actuator a period of cyclic load was applied to the model so as to
non-dimensional group in the range 10 -4 . Typical load applied is 6N for a tripod in sand. The frequency of the applied loading is so chosen to
in the range of 0.85 to 0.9. Typical applied frequency of the loading for the monopile is 3Hz. vi. This loading regime was applied to the structure for a set time period: for most cases this was about an hour. After the forcing regime had been applied the natural frequency was again assessed via either a snap back test or a burst of white noise. The forcing regime was re-applied and the process repeated. vii. After a significant number of cycles had been applied to the structure the forcing regime was stopped and assessment of the natural frequency repeated. The change in FMF with number of cycles could then be analysed. Figure 5 shows the asymmetric model arrangement in a typical setup. This procedure was repeated a number of times for a number of different lateral loads and forcing frequencies. This procedure was identical for the tripod and it was tested in kaolin clay (having shear modulus of 6MPa). Details of testing of small scale models in clay and the properties of the clay can be found in Bhattacharya et al (2011).
Figure 5: Schematic diagram of the test setup for asymmetric tripod

RESULTS OF THE TESTS
This section of the paper shows typical free vibration test results from the various setup.
Free vibration response of a monopile supported wind turbine: Figure 6 shows the free vibration data from a typical snap back test performed on a wind turbine with monopile foundation in sand (Figure 4(a) ). The test results are plotted in the frequency domain using the Welch (1967) method. The system has a single dominant frequency of about 3.3Hz: the foundation provides significant flexibility to the wind turbine system which has a fixed base frequency of 10.27Hz. A second peak can be observed at about 17Hz which is 5.15 times the first peak and corresponds to the second cantilever mode of the tower. It may be worth noting that the first three modes of vibration of a fixed based cantilever beam are given by: Figure 6 also shows a free vibration of a tetrapod supported wind turbine on sand (see Figure 4(b) ). Three peaks can be seen in the test results when plotted as spectrum in the frequency domain. These data were recorded just after installation. In contrast to the monopile, there are two very closely spaced peaks at 6.385Hz and 7.754Hz and the third peak is observed at 18.5Hz. The third peak in the tetrapod response is similar to the second peak of the response of a monopile corresponding to the second cantilever mode of the tower. Figure 7 shows the free vibration data of the tetrapod system after 40,500 and 400,000 cycles. The first two peaks gradually converged to form a single peak after about 40,500 cycles until 400,000 cycles when the test was stopped. The final value of this converged frequency was 8.1Hz. It may be concluded that symmetric tetrapod foundations initially responded in two different natural frequencies and the two spaced values after intensive repetitive loading converged into a single one, that seemed unchanged over time. It was verified by accelerometers in two orthogonal directions that this effect owes to the fact that the lowest modes in the two principal vibration axes are detuned (i.e. having different frequencies) and get progressively tuned while cyclically being excited with the operational load. A plausible reason is that the loads get continuously redistributed in the four supports until homogeneity of how the load spreads around is reached i.e. all caissons attain the same stiffness. Figure 8 shows a typical free vibration response of three scaled asymmetric tripods in sand where it can be clearly seen that there are two closely spaced peaks at all the three scales. This observation of two closely spaced peaks is quite similar to the symmetric tetrapod as presented in Figure 6 . Figure 9 shows a typical free vibration response of a 1:150 scale model in clay where two peaks can also be observed. In order to understand the reason behind the two peaks, the free vibration test was carried out on the same 1:150 scaled model whereby two accelerometers were oriented in their principle axis (see by X-X Y-Y on the inset of Figure 10 ). This test confirmed that these modes are due to the rocking motion of the entire system X -X Y -Y F 1) and the values of the frequency are different. This phenomenon was further confirmed through a numerical study as shown in Figure 11 . Figure 11 shows the output from a numerical analysis showing the first two modes of vibration. The scaled models were then subjected to millions of cycles and the change in dynamic characteristics were monitored through white noise testing and/or snap back testing. Figure 12 shows the progressive change in dynamic characteristics of the system after 400,000 cycles, 800,000 cycles, 1.2M and 1.6M cycles. It is interesting to note that the tripod arrangement persistently maintained two closely spaced frequencies throughout testing. Furthermore, the lower peak shifts towards the right indicating a strain-stiffening behaviour. This behaviour is in contrast to the symmetric tetrapod behaviour where the two peaks converged to form a single peak, the reasons for which is explored in the next section. 
Free vibration response of a symmetric tetrapod supported wind turbine
MULTIPOD DYNAMIC BEHAVIOUR AND MODELLING
Evaluation of the first natural frequency of the wind turbine system is critical for avoiding resonant response and subsequent excessive vibration amplitudes that may deteriorate fatigue performance. Multipod arrangements have been customarily treated dynamically in the same way as monopiles (Zaaijer 2003) , while comparative approaches assessing the relative merits of different types of foundations have centred on response far from the operational dynamic characteristics (Schaumann et al. 2011 ). The observed behaviour in the scale tests reported in this paper is quite distinct, indicating a salient feature never previously reported for offshore multipod foundations. They are: (a) Multipod foundations have two peak responses i.e. two closely spaced natural frequencies due to the combination of rigid rocking modes and the flexible modes of the tower; (b) The natural frequencies of wind turbine supported on multipod foundations change with repeated cycles of loading; (c) There is a convergence of peaks for symmetric tetrapod but not for asymmetric tripod.
An explanation for such an observation can be obtained from standard lumped mass discrete models, where the foundation caissons are replaced by linear springs and dashpots as in Andersen et al. 2009 . For the present case, frequency-independent springs have been assumed and the damping parameters, not being essential for the current analysis, were set without any loss of generality to zero. Figure 13 illustrates such discrete modelling realisations for the tetrapod and tripod foundations, when decoupling the planar motions along the principal axes X and Y. Assuming homogeneity across the soil substrate each caisson is assigned an identical spring of vertical stiffness K V both in tension (uplift) and compression. All springs are connected to the top mass through a rigid beam. Writing the undamped equations of motion in the XZ and YZ plane for both cases it can be seen that the effect of the rigid beam rocking (i.e. rotation  ) is different for the two planes when considering the tripod solution. Different dynamic and static coupling exists, consequently leading to different modal frequencies out of the relevant eigenvalue problem.
In contrast, the symmetry of the square tetrapod will produce identical frequencies in the two orthogonal vibration planes considered. Any deviation from a single frequency motion initially observed during tetrapod testing should be the result of slight disparities in the symmetry of the arrangement, for example the spatial variability of soil causing different values of K V for the four caissons. These disparities could affect the initial values of spring stiffness (K V ) but under repeated cyclic loading they converge to a constant value. The loads become redistributed and the amplitude of vibrations stiffens the sand matrix eventually making the values of K V converge and the two closely spaced natural frequencies converge to form a single peak as shown in Figure 7 .
Any asymmetric multipod foundation (e.g. tripod or rectangular) will also produce two low natural frequencies. However in this case, they are not expected to merge to form a single peak due to the fact that the natural frequency in the two principal planes (XZ and YZ) are not same. Due to strain stiffening effects i.e. compaction/densification of the soil around the caissons, the lower peak moved to the left but they did not merge (see Figure 12 ). This is in contrast to the symmetric tetrapod where the two peaks merged to form a single peak. This particular aspect warrants further investigation and consideration when designing such foundation structures. Earlier it was quoted that the DNV guidelines require that the wind turbine fundamental frequency lies in a narrow band between the 1P and 3P frequency values. Yet in the case of two frequencies with a ratio between them ranging between 1.2 and 1.5, as was the case here for a tripod arrangement the task of fitting both of them in a safe zone far from resonance becomes more difficult. This aspect is shown in Figure 14 where the various forcing powers are plotted along with the frequencies. This upper panel of the figure shows schematically the four types of loading, wind, wave, blade rotational excitation (1P) and the interruption of wind caused by blade passing (3P). Vortex shedding and other complex aerodynamic phenomena are not displayed in the figure. The wind spectrum is the lowest frequency followed by the waves spectrum that has a marginally higher frequency content. The blade rotational excitation is shown as a typical monochromatic frequency with sidelobes caused by windowing. The blade passing is idealised as a periodic boxcar function whose Fourier spectrum is a spike at 3P and all integer multiples of 3P.
Figure 14: Relationship between effect of natural frequency of suction caisson and monopile on the forcing frequencies
On the other hand, the lower panel of the figure shows the frequency response function of a hypothetical design in the soft-stiff band. The monopiled structure has a single peak in the FRF (Frequency Response Function) at f 1a . This is in contrast to the tripod structure that has two closely spaced peaks f 1a and f 1b . These two peaks inevitably broaden the range of frequencies that can be excited by the loading. The possibility of coincidence of 6f (the first harmonic of blade passing) and the second/third peak of the system FRF is also a potential concern. This also may coincide with the blade natural frequency which is about 1Hz. In this context, it may be noted that according to current suggestions for tripod arrangement characteristics (de Vries 2011) the second natural frequency encountered would always fall in the 3P zone.
CONCLUSIONS:
Offshore wind turbines are dynamically sensitive structures as a result of the mass distribution along their length and also because the forcing frequencies of the applied loads are close to their natural frequencies. A so-called softused in practice whereby the global fundamental frequency of the overall wind turbine-foundation system is chosen to lie in the interval between turbine and blade passing frequencies which may be a very narrow band, typically between 0.22Hz and 0.31Hz. It has been demonstrated that the natural frequency of the overall system shifts (i.e. decreases or increases) with cycles of loading due to stiffening or softening of the foundation system. Between 7% and 24% change in natural frequency can be allowed for a wind turbine system depending on the make of the turbine (figures correspond to the five representative cases selected herein) and in the absence of very reliable site characteristics, that is knowledge of whether the foundation system will stiffen or soften.
Results from scaled models of multipod (tetrapod and asymmetric tripod) supported wind turbines showed quite distinct behaviours, indicating a salient feature never previously reported for such offshore foundations. The response of monopile systems in sand will be governed by the the large number of repeated cycles of lateral load, which lead to compaction and stiffening of the system. On the other hand, multipod foundations will be governed by rocking motions and the redistribution of forces in the supporting pods. Specific conclusions derived from the study are summarised below:
1. Wind turbines on multipod foundation will have two closely spaced natural frequencies corresponding to rocking modes of vibration. These two close frequency values are effectively the first natural frequency in two principle vibration axes. This is in contrast to the monopile foundation system where a single spectral peak will be observed in the response power spectrum and the second peak, (resulting from the second bending mode of the tower) will typically be located at a natural frequency about 5 times higher.
2. The closely spaced spectral peaks for multipod foundations shift with cycles of loading as a result of the soil-structure interaction. Therefore dynamic soilstructure interaction is an important design consideration to predict the short and long term performance of these structures.
3. The responses of a symmetric tetrapod and an asymmetric tripod under long term cyclic loading are very different. For a symmetric tetrapod, the first two closely spaced spectral peaks converge to form a single peak after tens of thousands of cycles. On the other hand, for the asymmetric tripod, the two closely peaks do not converge even after being subjected to 1.6M cycles.
Appendix-1: Assessment of chamber size effects for dynamic soil-structure interaction testing of wind turbines
For technical reasons, the soil container used throughout the experimental campaign is of limited size. An assessment is therefore necessary to find the optimum dimension that may be required. This appendix reports a theoretical study to find such a size specification.
A cylindrical section of radius p r (suction caisson radius) is embedded in a soil and the soil layer is excited by horizontal harmonic motion (having unit amplitude and frequency  ) of the suction caisson. A cylindrical coordinate system ) , , ( z r  representation has been used to study the problem. Using potential functions related to longitudinal and shear waves, Nogami and Novak (1977) derived the expressions for displacements and stresses in the soil for a similarly shaped pile. The amplitudes u (in radial r direction) and v (in  direction) for soil displacement due to the imposed harmonic motion are represented as a series of infinite terms, each given by equations A(i) and A(ii), corresponding to the infinite modes that are excited in the soil. where n h , n q and n s are given by equations (18) in Nogami and Novak (1977) 
